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Abstract-National and international trade via shipping is already significant, and expected to continue increasing rapidly over the next decade. Both more ships and larger ships will contribute to this trade, including ships from countries with less rigorous shipping maintenance and inspection standards than the United States, and less strict pollution monitoring regulations. Changes in ship traffic management protocols have been implemented in recent years in the U.S. to minimize damage to coastlines, particularly near sensitive or protected marine environments. For example, to reduce risk to coastal resources off central California, shipping lanes for larger vessels were moved further offshore to allow for additional response time in case of accidents before such vessels might drift into coastal areas. Similarly, ships are now routed via specific approach channels when entering Boston Harbor to reduce impacts within adjacent National Marine Sanctuary resources. Several recent high profile cases have occurred where 'mystery' oil spills were found near shipping channels, but no vessel could be readily identified as their source. These incidents lead to extensive and expensive efforts to attempt to identify the ships responsible. As time passes in responding to these incidents, the likelihood of confirming the identity of the ships diminishes. Unfortunately, reports of vessels engaging in illegal oily waste discharge to reduce fees for offloading the waste in port are ongoing. We here discuss use of improved capabilities of near-continuous real-time position location monitoring of shipping traffic using marine Automatic Identification Systems (AIS) for ships that would facilitate identification of ships responsible for illegal oily waste discharge. The next phase of the National AIS, N-AIS Increment 2, can supply additional spatial coverage not currently included in the N-AIS Increment 1, which can provide an enhanced capability for monitoring shipping and improving management of coastal ship traffic and response to pollution incidents. These methods will not only improve response time, but reduce cost of response as well. [1] ). The cost and also carbon footprint of shipping as a means of transport is far lower than land transport methods, and shipping continues to empower less developed countries with a cost-effective means of improving their economies. While increased fuel prices may limit the increase in shipping seen in recent years, in general shipping is expected to continue increasing in the near future. Independent of the efficiency or ethics of shipping of goods and raw materials for commerce, approximately 60% of world oil and fuel supplies are delivered by shipping, and the maritime delivery of fuels is expected to continue to increase into the future as liquid natural gas carriers become more common and new maritime oil producing reserves are tapped.
To obtain a perspective on shipping and its potential contribution to marine oil pollution, it is instructive to [1] . For clarification, bulk carriers are considered distinguished from general cargo ships in that their cargo is loaded into holds en masse, typically being either solids such as grain, concrete, ore, etc., or non-petroleum liquids. Bulk carriers are further subdivided into three types: "Panamax" those designed to be at or near the maximum size to go through the Panama Canal (roughly 50,000-80,000 dead weight tons); "Capesize," those too big to go through the Panama Canal and forced to go around Cape Horn; and, "handy-sized" those smaller than Panamax-sized vessels. The contribution of bulk carriers to maritime accidents exceeds those of most other types of ships in both frequency and severity due to the nature of the cargo: raw materials for commerce that are typically very heavy and contained in relatively few holds with large cargo hatches [1] . The dominance of bulk cargo ships in maritime trade is currently being challenged by an increase in the number of container ships, which has been steadily increasing, and is expected to continue to do so, along with an increased contribution of container ships to maritime accidents.
To gain a perspective on the rate of increase in shipping in the future, shipping totals, cited as "tonne-miles" of cargo carried rather than by reference to the number of vessels or transits involved, can be examined. effect after many years of discussion, and reluctance of all shipping nations to ratify and abide by these and the voluntary MARPOL Annexes mentioned above, suggest continued oil and oily waste disposal at sea pose an ongoing threat to the marine environment. This is of particular concern when viewed in terms of areas where global shipping may well increase in proximity to marine protected areas.
One source of increase in shipping specifically associated with potential oil pollution is in development of new natural gas and oil reserves. The advent of liquid natural gas (LNG) carriers has been quite rapid, and the establishment of ports and shipping systems to handle such carriers is still very much in development. More than thirty LNG port locations have been proposed for the United States, but to date there is little agreement on which sites will ultimately be developed. There is a great deal of maritime activity simply involved in the construction of facilities to handle LNG carriers, quite independent of the potential pollution risk from these vessels themselves. Areas such as the Stockman oil and natural gas fields east of Novaya Zemlya cannot be serviced by landbased facilities, and so not only the exploration and infrastructure for extracting oil and gas from such fields involves ships, but even the usual processing must be done from ships. The development of the Stockman fields is underway and will involve hundreds of ships operating in sometimes ice-infested waters in the high arctic away from more open coastal waters into areas where shipping has historically been much more limited [2] , [3] . [5] , in areas where ice, however diminished in summer, is still a risk a good portion of the year. Since the period of development of oil operations near Prudhoe Bay several decades ago, the Chukchi and Beaufort Seas have not been subject to a great deal of shipping activity, so this would constitute a significant increase in the risk of oil pollution in the area. There is also the potential for oil pipelines in the Canadian arctic that would increase shipping just east of the Alaskan Beaufort seacoast [6] . Beyond the potential for oil development related shipping increases along the Alaskan arctic coasts, there is a definite increase likely in shipping as a result of new mining operations in Canada, both for diamonds, uranium and other minerals [7] , [8] , [9] . Access to existing diamond mines by overland roads has been increasingly in question due to melting of permafrost and reduced winter ice thickness on frozen waterways used as highways during the winter [10] , [11] . Additionally there are plans already underway for the construction of new diamond and other mines in the western Canadian arctic that will have to be supplied by ports, with ship traffic for the raw materials produced going around Alaska, through the Bering Straits to Asia [12] , [13] .
The threat of oil spills or illegal dumping in the Beaufort and Chukchi Seas in the Alaskan arctic represents an increased risk beyond the shipping activity at the time of the installation of the Prudhoe Bay oil project where the product was ultimately taken over land. The new ship traffic will not only have to pass through the Bering Straits routinely to reach Pacific ports and Asian markets, it must also transit through the Bering Sea, home to a large and economically significant U.S. commercial fishing industry. Climate changes are already affecting the Bering Sea fishery, and the outlook of these fisheries for the future is currently unclear [14] . Moreover, the Bering Sea is the location of reserves for endangered marine mammals, including the Stellar Sea Lion, whose population has been in rapid decline for reasons that remain unclear [15] . Additional oil pollution would be a potentially significant additional stress to both marine mammals and the valuable fishery as well.
In addition to increased ship traffic through the Bering Straits from the Chukchi Sea, there is some indication that shipping routes from the North Pacific may be directed increasingly to the north in order to better take advantage of Great Circle routes that save on time and mileage. Figure 2 shows how changes in shipping routes may increase shipping traffic through Unimak Pass in the Aleutian Island Chain to reach Asian ports more quickly from the U.S. west coast. Many U.S. west coast ports are expanding to accommodate increased ship trade. Ports like Anchorage, which handles 80% of maritime shipping for Alaska, have expansion projects underway that will triple their capacity [ 16] . Shipping increases between U.S. west coast ports and Asia may take the routes shown in Figure 2 when weather conditions permit, but in the case of winter storms, this traffic moves further south. Ship traffic through the Northwestern Hawaiian Islands (NWVI) National Monument has already been shown to be increased seasonally and during bad weather to the north, with ship transits sometimes migrating so far south as to pass most typically between Pearl and Hermes Atoll and Lisianski Island [18] . Such ship traffic poses a number of risks for the delicate NWHI marine ecosystem, which include the severely endangered Hawaiian Monk Seal, endangered endemic bird species, as well as large seabird populations, and of course coral reefs. Nor is the threat of increased shipping and possible oil pollution limited to remote islands reserves in the mid-Pacific. As shown in Figure 3 , the Gulf of the Farallones National Marine Sanctuary lies just beyond San Francisco Bay, a site of very extensive shipping activity (c.f. [19] [20] . 
B. Oil Spill Trends
In relation to use of AIS technology to minimize maritime oil pollution, current maritime oil spills fall primarily into three basic categories: oil spills due to maritime accidents; oil spilled in port, harbor or waterway incidents; and, oil or oily wastes illegally dumped at sea, including illegal discharge of oily bilge or ballast waters. Oil spills due to accidents are considered to be something that cannot be eliminated: shipping accidents will continue to occur. The International Maritime Organization (IMO) has been working for years to reduce the rate of maritime accidents, and the number of accidents as a percentage of shipping has steadily declined from a maximum in the late 1970's of more than 0.6% to a level now roughly 0.1% [1] . The improvement in shipping practices, particularly of oil tankers is reflected in the reduction in numbers of oil spills over 700 tons: 24 in 1974, but only 4 in 2004 [1] . Oil spills due to high seas maritime accidents occur for a variety of reasons, including bad weather, mechanical failures, and human error. These accidents are considered to have the greatest potential effect in terms of both loss of human life and catastrophic oil spills, which is why they remain a focus of concern for the IMO and national governmental agencies charged with response.
AIS systems have a potential capability to reduce the occurrence of catastrophic shipping accidents simply by providing updated positional information that can perhaps minimize the effects of human error. Likewise, AIS systems can shorten the response time by agencies charged with responding to accidents by providing them near-real time situational information. When a ship goes aground, real-time availability of its positional information to response agencies can almost immediately alert them that response actions should be initiated. This is important, as studies have shown that response time to oil spills can be critical. Burning of oil spilled into the sea is considered to have the least effect on the marine environment, but if the oil is diluted more than about 5000 with seawater, this option is no longer available [21] .
Dilution of oil spilled into the sea to levels at which burning is no longer possible can be typically considered to occur within a period of roughly eight hours or less, so any ability of AIS to hasten response time to catastrophic maritime oil spills in particular is critically important.
The second major category of oil spill may be considered incidents within ports, harbors and waterways. There are many causes of these types of spills, including failures of equipment during fuel transfer operations, numerous incidences of grounding or sinking of both large and small vessels as a result of any number of causes, and not infrequently vessel collisions with other ships or allisions docks. Captains of the Port are usually rapidly aware of such problems as a part of their normal monitoring of shipping traffic, but here again AIS systems could reduce the time to awareness and response to such oil spills or potential oil spills in the case of sunken vessels.
The final category of oil spilled into the marine environment is oil illegally dumped or discharged. The amount of oil entering the marine environment in this manner does not have the catastrophic effects of an oil tanker breaking up on a coast in bad weather, and was thus not initially the highest priority to address by the IMO and other organizations concerned with marine pollution. However illegal high seas oil discharges have increasingly become a cause for concern, as this is a type of marine pollution that can and should be significantly reduced. Internationally, this has become a more common subject of prosecution [22] . The focus of this paper is to consider how application of AIS technology can assist in reducing this type of marine oil pollution. C. Case Studies It is instructive to take a look at a few recent incidences of oil spilled in U.S. waters, which demonstrate how an AISbased detection and response system could facilitate the reduction of illegal discharge of oil or oily wastes. Several examples are provided here. The first example is one in which the ship owners and master directed the crew of the Greek vessel M1V KATERINA to discharge very large quantities of oily waste and oily bilge water and sludge at sea using specially installed pipes, which they were careful to have removed and hidden before entering port where they might be detected in the course of possible United States Coast Guard (USCG) vessel inspections. These procedures might have worked were it not for the fact that when inspected by the Coast Guard, four of the crew when questioned blew the whistle on their employer's illegal practice. This led to the crew being awarded $250,000 in bounty payments under the Act to Prevent Pollution from Ships law, and the imprisonment of the Captain, First and Second Engineers for eight months [23] . However, in the case of many ships in operation even when inspected by the Coast Guard, language barriers and crew intimidation may prevent such whistleblowing, and the case serves to emphasize the direct instructions from the ship owner for this practice as being routine in too many instances. Characteristically in this case, as in many others, the discharge of the illegal oily wastes was undertaken outside the three mile limit of near-coastal waters, but within the 200 30 ,000 barrels of oil from the sunken vessel. This example serves as a reminder that not all maritime oil pollution is from current ship traffic, and indeed there are many sunken ships worldwide gradually rusting away with oil still in their hulls that may yet be released. Clearly the availability of an AIS system would have greatly reduced the time and manpower it took to finally locate the source of this pollution.
Finally, not all oil found at sea is from shipping: natural seeps and events also occur. One of the authors of this paper detected oil in the middle of the Sargasso Sea in an area little transited by any ships, which turned out to be the result of a submarine earthquake off the Lesser Antilles. The estimated volume of oil released into the sea during this event was more than all the ship-related oil spills worldwide that year [24] . AIS can assist in distinguishing natural event or sunken vessel oil releases from probable current ship-related incidents.
II. METHODS FOR USING AIS FOR SPILL TRACKING

A. AIS Development
The maritime VHF Automatic Identification System (AIS) was created in the 1990's primarily to provide an aid in safety of navigation [25] . AIS is intended to operate independently of the vessel crew and additionally provide monitoring and tracking information to shore based stations [26] . These messages are sent using several variations of Time Division Multiple Access (TMDA) to interleave traffic from multiple vessels and base stations using two channels 161 collect, integrate and analyze information concerning vessels operating on or bound for waters subject to the jurisdiction of the United States," for which AIS was considered a key component. The goals of the MTSA program are specifically to improve maritime security, marine and navigational safety, search and rescue operational capabilities, and environmental protection. The MTSA also called for two-way maritime data communications using AIS, which has the capability of allowing vessels at sea with AIS that are operating in proximity to create a virtual network, forwarding information from each other along to shore stations, and carrying information from the shore to ships at sea beyond normal AIS range.
The U.S. National-AIS (N-AIS) is being developed as a system that is to be deployed in three Increments. The Increment 1 research version of the N-AIS is currently operational. The goal of the N-AIS system is to create a socalled Common Maritime Operational Picture (COP). The N-AIS information will be transmitted to a National Vessel 0-933957-35-1 ©2007 MTS Movement Center and a Maritime Intelligence Fusion Center (MFIC) that coordinates input for a Maritime Global Awareness Network (MAGNet) for use by the U.S., allowing information to be shared with other countries in the interests of maritime safety and security. If illegal actions by ships are documented or suspected, the M\AGNet data would be used as input for the Marine Information Safety and Law Enforcement System (MISLE) used by the Coast Guard and other maritime safety and security agencies for law enforcement actions.
The current N-AIS system consists of receivers on shorebased towers with a few offshore buoys and oil platforms to extend coverage. Coverage is initially intended around ports and harbors within the 12 While underway at sea, vessels typically broadcast AIS position messages every 2 or 6 seconds depending on the vessel speed (Tables I and II; Tables la,b in [25] ). Under the presently envisaged plan, the N-AIS stations will forward a subset of received messages from AIS based on vessel distance offshore (Table III) . There are both "threshold" (i.e. required) and "objective" (i.e. planned or intended) data transmission frequencies. Five zones are relevant in terms of frequency of AIS data transmissions. [28] . Initial studies using near real time satellite imagery have also begun in Europe to effectively utilize AIS for correlating oil spills documented by international monitoring programs with vessels of interest that need to be included in the subsequent investigations (e.g. [29] ). These studies demonstrate how critical the time component of response. Oil slicks and vessels responsible for oil pollution can move quickly apart. However, it is critical to store these AIS data for litigation. For example, Lloyds of London is already using AIS logs from the AISLive service in court proceedings involving ship accidents. Analysis of AIS logs will certainly be extended to spill response and investigations throughout the world [30] . The key challenge to using AIS to identify ships responsible for oil pollution is extending AIS receiving capabilities to more remote regions [26] . C. AIS Human Inte rfac e Issues
Other difficulties with the use of AIS for identifying sources of pollution from ships are problems with the AIS system itself. On board ships, AIS has potential for errors with the required Minimal Keyboard Display (MKD) that made initial SOLAS Class A transponders difficult to use, the so-called Human-Systems Interface problem [28] , [29] . Anytime a user has to enter data into a system mistakes may occur, and the current MKD is challenging at best. The dimension, draft, destination, name, call sign, MMSI, and other parameters are entered into the system each time these change. In addition to human error, installation and operation can lead to AIS messages containing inaccurate information. For . Simplified task-specific user interfaces can make using AIS much easier. a) The Thames River in England requires ferries to notify the local Vessel Traffic Service (VTS) with the number of passengers via AIS. b) With the right interface, an AIS application can be ported from fixed computer to a handheld. c) USCG Los Angles station personnel using a PDA while working on a smaller patrol boat. Integrating AIS into these mobile devices can aid in incident response. Images from [33] and USCG.
In addition to AIS displays based in desktop computers and vessel bridge systems (Figure 5a) , there is an emerging class of potential AIS systems for field use -hand held computers (see Figure 5b ,c). Hand held computers such as Blackberries, Treos, and other handhelds are beginning to see use on the smaller USCG patrol vessels (Figure 5c ), and by shore based environmental responders. An example of such an AIS device is show in Figure 5b , where a ferry operator is entering in the passenger count into a hand held device. This device uses local wireless to communicate with the ship's computer, which then forwards the message to the local VTS via an AIS binary message. The screens on these portable devices have improved to the point that they are practical even in bright outdoor environments. Traditional graphical displays or the minimal LCD displays on AIS units, do not work well for hand help devices due to spatial constraints. If graphical application software is carefully crafted, these displays can be converted to the smaller form factor and be optimized for utility despite the lack of full keyboards on these portable systems. More work needs to be done on both the user interface (UI) and messaging technology to make these devices better achieve of their potential utility. 
III. SUMMARY
AIS will become an important component of the technology to aid in the process of responding to oil spills and the subsequent investigations to determine liability. AIS is currently proving its value in the areas of real-time collision avoidance, marine habitat management, and marine casualty investigation. Increased AIS coverage both alongshore and offshore through the Increment 2 and 3 phases of the U.S. Coast Guard's N-AIS system are shown in Figure 6 . The goal is for these systems to extend coverage fully along U.S. coasts to a distance of 2000 nautical miles offshore, which should greatly reduce the ability of vessels to illegally dump oil at sea when satellite and aircraft detection methods are in place to verify the occurrence of such oil pollution. Some problems remain to be addressed with Increment 3 AIS deployment due to collisions caused by receiving messages from multiple TDMA cells. However the advent of a fully implemented AIS system will make the use of AIS position reports for oil spill cleanup and investigation commonplace in the future in the U.S., and these techniques will also be available to other coastal nations to the benefit of all of use and rely on the sea.
